Photoluminescence of self-assembled InAs/GaAs quantum dots excited by ultraintensive femtosecond laser
We have studied the optical properties of InAs site-controlled quantum dots (SCQDs) grown on prepatterned GaAs substrates. Since InAs nucleates preferentially on the lithography motifs, the location of the resulting QDs is determined by the pattern, which is fabricated by local oxidation nanolithography. Optical characterization has been performed on such SCQDs to study the fundamental and excited states. At the ground state different exciton complex transitions of about 500 leV linewidth have been identified and the fine structure splitting of the neutral exciton has been determined (%65 leV). The observed electronic structure covers the demands of future quantum information technologies. One of the main interests in the quantum dot (QD) research is explained by their discrete electron density of states, optically revealed as a set of fundamental and excited transitions in the photoluminescence (PL) experiments. [1] [2] [3] [4] The carrier confinement in the QDs allows the formation of single charged, neutral exciton and multi-exciton complexes, which can be characterized by micro-photoluminescence (l-PL). The electronic and optical properties of such QDs are sensitively modified by the exact number of charge carriers and their multiple spin configurations, QD shape, and stress or the doping surroundings, among others. 5, 6 Entangled photon pair sources, as required for quantum cryptography purposes, are found in radiative cascades from biexcitons to neutral excitons, 7 while the spin manipulation, as required for quantum information memories, is more properly assisted by the trion transition (charged exciton). 8 Coherent control of those phenomena has been recently achieved by manipulating charged and hot species (species with a carrier at the excited state). 9 In charged biexcitons several decay pathways are observed, some of them involving different intermediate states in the cascade and presenting a high degree of polarization correlations. 10 The use of hot trions enables the control of the spatial extent of carrier wavefunctions and the spin manipulation via optical pumping resonant to the P-Shell. 11, 12 From these findings, it is concluded that the detailed knowledge of the QD electronic structure is required for the generation and management of multiparticle exciton species with interesting emission properties for quantum information technologies.
The exciton complexes are commonly studied in low QD density samples using high spatial resolution optical microscopy. However, the use of deterministic positioned InAs QDs opens alternatives to design single quantum dot devices to fully exploit phenomena such as electron tunneling in quantum gates or strong coupling in cavity quantum electrodynamics. [13] [14] [15] [16] A few years ago, it was demonstrated that InAs QDs grown on GaAs(001) substrates patterned by means of lithography techniques behave as single photon emitters. 17 Since that moment, a great effort has been devoted to optimize the optical properties of site-controlled QDs (SCQDs). 18 Nowadays, the wafer can be patterned by different techniques such as e-beam, focused ion beam, or atomic force microscopy (AFM), among other lithography methods. From these methods we focus on the AFM local oxidation nanolithography, since it reduces the number of patterning and cleaning processing steps in comparison to the other lithography techniques. In addition, this technique can be carried out in delicate samples maintaining the high resolution alignment capabilities and allowing epitaxial re-growth, as demonstrated by patterning directly on existing photonic crystal membranes. 19 In the present work, the optical properties of this kind of SCQDs are examined to determine their technological possibilities. We find a characteristic electronic structure formed by a ground state and two different excited states, one of them nominally forbidden. At the ground state, different exciton complexes are identified by l-PL experiments. The fine structure splitting (FSS) of the neutral exciton is measured by means of polarization resolved l-PL measurements. Although the homogeneous linewidth is rather large, these QDs fulfill some basic demands mostly when an accurate control of the emitter position is required, as for example photonic devices based on the spatial tuning of Purcell effect.
14,20 Finally, we have measured the energy splitting of the excited states to be compared with the neutral exciton energy. The existence of a level structure with well-defined P-states and the possibility of charge injection through the nominally forbidden transition promise a better control of the optical feeding, polarization and spin manipulation in our SCQDs.
The samples were grown on epitaxial GaAs(001) substrates, consisting of 500 nm thick GaAs layers grown on epi-ready commercial substrates by MBE. These GaAs epitaxial substrates are patterned by AFM local oxidation nanolithography using a commercial Nanotec AFM system under ambient conditions in tapping mode. The pattern consists of square arrays of 10 nm average high and 160 nm average wide oxide motifs with a periodicity of 2 lm. The MBE regrowth process on patterned substrates starts with in situ oxide desorption by atomic H exposure of the GaAs surface at T s ¼ 490 C for 30 min while As 4 is also supplied in order to avoid As losses. This process efficiently removes the patterned oxide motifs, leading to the formation of nanoholes at the predefined positions while providing a clean surface for the growth of nanostructures with good optical properties. 17 Prior to InAs deposition, a 15 nm thick GaAs buffer layer is grown at low temperature (T S ¼ 490 C) in order to preserve the pattern motifs. On top of the GaAs buffer layer, 1.5 monolayers (ML) of InAs are deposited at a growth rate of 0.01ML/s at T S ¼ 490 C. This InAs coverage is below the critical thickness for QD formation as observed by 2D-3D RHEED transition on non-patterned substrates (1.7 ML) under these growth conditions, but it is enough for obtaining nucleation of InAs inside the nanoholes to fabricate InAs SCQD. The InAs are distributed forming shallow nanostructures about 7 nm height and 90 nm width, as concluded from AFM characterization. 17 This reduced aspect ratio (height to width) suggests disk-or lens-like nanostructures. After 2 min of growth interruption under As 4 flux, samples are capped with 20 nm thick GaAs layer for optical characterization. The positioning technique could be limited by two main factors, on the one side, due to the non-linear response of the AFM scanner, and, on the other side, because of the size of the nanohole after the oxide removal. In our system, the resolution is essentially limited by the nanohole size since the scanner motion is corrected by software using an accurate calibration method, and by hardware using a close-phase loop circuit. In these conditions, we can estimate a lateral resolution of the positioning of below 50 nm (i.e., 1 = 4 nanohole width) because InAs clearly nucleates at the bottom of the nanohole. The optical properties of the SCQDs were studied by confocal lPL, using a diffraction limited fiber based confocal setup (NA ¼ 0.6) working at the liquid helium temperature. The detection of the l-PL signal was performed by means of a silicon back thinned CCD attached to a 0.3 m focal length double-spectrometer. A Silicon Avalanche Photodetector connected to a Time Correlated Single Photon Counting electronics was used for time resolved l-PL acquisition while a Ti: Sapphire laser under continuous wave or fs pulsed operation at 780 nm was used as excitation source. Figure 1(a) consists of an AFM image of a rectangular array of GaAs oxide motifs with a pitch period of 2 lm. After the etching and the subsequent growth, the lithography motifs are replaced by InAs SCQDs while InAs nucleation in the non-patterned region is completely suppressed. A l-PL image of the same area is shown in Fig. 1(b) to show the high selectivity of the InAs deposition. This image is obtained by integrating multiple spectra in a 60 nm wide spectral window around 985 nm (%1.22-1.30 eV). Some SCQDs emit either at the edges or out of the detection window, as corroborated by acquiring spectra at the corresponding wavelengths. Moreover, the periodicity found from the l-PL image perfect matches the nominal value (2 lm) [ Fig. 1(b) ].
Figure 2(a) shows a series of l-PL spectra measured by increasing the excitation power in a representative SCQD from the array. Several peaks are observed around 1.24 eV presenting linewidths in the order of 500 leV (200-700 leV depending on the particular transition) and lifetimes close to 1.1 ns for the exciton-like lines and 0.56 ns in the case of the biexciton [see lPL transients in Fig. 2(b) ]. Wang et al. demonstrated an important broadening of the PL lines in InAs/GaAs self-assembled QD when the wetting-layersurface distance is reduced below 40 nm, accompanied by a strong reduction of the emission efficiency and recombination times for distances below 20 nm. 21 Such broadening can be explained by the spectral diffusion effects since random carrier trapping to the QD surrounding defects or impurity vacancies induces electric field fluctuations with time, originating a slow stochastic movement of the peak energy. 22 In our SCQDs the thickness of both GaAs capping and buffer layer are thin, 20 and 15 nm, respectively, and residual defects can be expected arising from the cleaning process and crystal quality (impurities, roughness, point defects, etc.), arising from the atomic H oxide removal step performed just before GaAs buffer layer epitaxial growth. In spite of this a priori consideration, the exciton recombination times measured in our SCQDs are not different from those typically measured in self-assembled QDs and hence non radiative recombination paths are not present, even if we have a noticeable spectral diffusion broadening. In Fig. 2 (c) the biexciton line is distinguished from the exciton-like ones by their superlinear dependence on the excitation power. The nature of the other optical transitions can be labeled taking into account the information from their spectra, as their binding energies, integrated intensity power dependence, polarization dependence and recombination times. The most usual spectral signatures of InAs/GaAs selfassembled QDs emitting around 1.2-1.3 eV are: (i) the emission energy of the negatively charged trion (X À ) is observed typically 4 meV below that of the neutral exciton emission (bonding position); 23 (ii) the emission energy of the positively charged trion (X þ ) is above the neutral exciton (anti-bonding position); 24, 25 (iii) the emission energy of the biexciton (XX 0 ) can be either bonding or anti-bonding, but typically around 1 meV from the neutral exciton (X 0 ) line. [24] [25] [26] The l-PL spectra of our SCQDs fit with the energy splitting of exciton and multiexciton species described above. Moreover, the initial labeling in Fig. 2(a) is in concordance with the slopes found at the double logarithmic plot of the integrated intensity in Fig. 2(c) . The neutral exciton presents the smallest slope, m(X 0 ) ¼ 0.7, while the slope of the biexciton is a factor two larger, m(XX 0 ) ¼ 1.38. 27, 28 The identification of XX 0 does not present any doubt, because in addition its decay time is half of that measured for the exciton-like species [ Fig. 2(b) ]. In the case of the X À and X þ trions the intensity-vs-power slopes (0.75 and 0.8, respectively) are close to that of the neutral exciton, as expected from the statistical process of carrier capture. 29 The FSS obtained from the polarization resolved l-PL spectra in Fig. 3 also confirms our previous assignment for X 0 and XX 0 , given that their peaks experience opposite shifts upon a 90 turn of the linear polarization analyzer with respect to the 1-10 crystal direction. Furthermore, any detectable shift is observed for X þ (within the constraints imposed by the emission linewidths of these QDs). The measured FSS is %65 leV, comparable to values measured in self-assembled QDs emitting at similar energies. 30, 31 The other peaks appearing in the lPL spectra in Fig. 2(a) exhibit a superlinear behavior at bonding energy positions, as expected for negatively charged multiexciton species of self-assembled InAs/GaAs QDs. 32, 33 These peaks can be identified with more precise experiments, out of the scope of the present paper.
The binding energies found for the different spectral lines identified in several SCQDs of the same patterned area are listed in Table I (sorted by ascending neutral exciton emission energy). These binding energies agree with those reported for lens-shaped InAs/GaAs QDs, 27,29 although their energy splitting dependence on the ground state energy presents certain differences. In comparison to self-assembled InAs/GaAs QDs, for which biexcitons change from bonding to anti-bonding energy position when increasing the X 0 energy, in all studied SCQDs the biexciton and negative trion exhibit negative binding energies larger than $1.3 meV and 3.3 meV respectively. This fact can be due to the particular confinement potential in our SCQDs exhibiting a different geometrical shape or composition (In-Ga mixing effect). Figure 4 shows the excitation power evolution of the l-PL spectrum in a representative SCQD covering the energy range for the excited state emission. Two groups of optical transitions are labeled as b and c, appearing above 20 lW of irradiated power. These transitions occurring around 40 and 55 meV above the ground state optical transition, must be related to different excited states in our QDs. As occurs with the excited states of self-assembled QDs, the energy shift for b and c transitions present certain dependence on the exciton confinement energy (see Table II ), but we would need SCQDs emitting at lower energies to establish a better comparison. The b transition is composed by a single peak at 1.268 eV, while in c we can distinguish several peaks at 1.284, 1.286, 1.289, and 1.290 eV. The number of lines and their positions are consistent with those obtained by atomistic calculations in lens-shaped In(Ga)As QDs made by Narvaez and Zunger. 26 The c-multiplet structure has been previously measured on InAs self-assembled QDs, 34 while the b transition is attributed to a nominally forbidden transition among unpaired shells, which becomes allowed because of the finite band offsets and orbital mixing effects. We tentatively describe the optical emission of our SCQDs as depicted in Fig. 4(b) . As an advantage with respect to typical self-assembled QDs, the strength of nominally forbidden transitions (b) will allow a better control of the spin dynamics since it drives to an additional charge injection and polarization control possibilities, e.g., injection of 1 S electrons via the 1S e -2S hh channel (non-resonant to the ground state). At the same time, it enables the managing of trions and biexcitons with a spectator charge at the 2 S-Shell, expanding the number of available excited species.
In summary, we have studied the emission spectra of site controlled InAs/GaAs QDs fabricated by local oxidation nanolithography and MBE re-growth. The exciton ground state emission lines of our SCQDs occurs in the range of 1.2-1.3 eV and are characterized by rather large average linewidths of around 500 leV in average with a FSS of about 65 leV. Different exciton complexes have been identified from their measured binding energy, PL power dependence, radiative recombination times, and polarization resolved lPL spectra. The identification of exciton especies is consistent with the data found in literature for lens shape InAs Self-Assembled quantum dots, although we found important dispersion in the binding energy dependence on the ground state energy, for the exciton complexes and for their excited states. Compositional and/or geometrical changes might be the origin for such dispersion. The optical properties of our SCQDs fit very well with the new trends in optoelectronics, mainly for those devices where an accurate control of the emitter location is mandatory. Moreover, the electronic structure found in these QDs results promising for further applications since an additional optical injection channel is enabled via excited state pumping. The understanding and control of these properties is of paramount importance for the incoming quantum information technologies. 
